Background: To determine the pathway via which lipopolysaccharide (LPS) compromises the intestinal epithelial barrier function.
INTRODUCTION
The gastrointestinal mucosa is the largest body surface to interface with the external environment ( 1 ). The gastrointestinal tract is constantly in contact with an abundant commensal bacterial microbiota and is exposed perpetually to potentially harmful nutrients, microbes, and toxins. Accumulative evidence suggests that the intestinal bacterial flora plays crucial role in the pathogenesis of intestinal inflammatory diseases such as inflammatory bowel disease (IBD) ( 2 , 3 ). Lipopolysaccharride (LPS), the out envelope of Gram negative bacteria, is the major inducer of the inflammatory response in the intestinal tissue. LPS signaling is mainly mediated through the cell surface tolllike receptors (TLRs) ( 4 ). TLR4 is the major transducer of LPS and specifically binds the lipid A portion of LPS. The mucosal barrier plays important roles in preventing bacterial translocation and absorption of endotoxin from the lumen to the intestinal tissue. It has been reported that the bacterial LPS can compromise gastrointestinal function including intestinal motility, secretion and epithelial barrier functions ( 5 , 6 ).
Mast cells originate in the bone marrow and are distributed in the mucosa and subcutaneous connective tissue where they serve as the first line of defense against attack by pathogens ( 7 , 8 ) via releasing anti-pathogen mediators such as TNF-α. Mast cells are also the residential cellular components in the intestinal tissue. Its strategically distribution in the intestinal tissue makes them at the front line facing exogenous insults, such as microbita, microbial products, protein antigens and so on. Although it has been mentioned that mast cells play a certain role in the innate immunity, the majority reports about mast cells emphasize the pathological role in allergic or inflammatory diseases in the body based on their deleterious effects in the pathogenesis of type I hypersensitivity reactions and inflammation ( 9 , 10 , 11 ). Tryptase is a constitutive protein in the granules of the mast cells. It consists of approximately 25% of the total protein in the cytosol of mast cells ( 12 ) . A unique feature of tryptase is its cleaving protease activating peptide (PAR) 2 and modifying functions of the PAR2 bearing cells including epithelial cells of the intestine, skin, airway and urigenital tract ( 13 ) . It is suggested that mast cell derived tryptase plays certain roles in several diseases, such as asthma, allergic dermatitis, inflammatory bowel disease (IBD), and so on ( 14 It is until recently revealed that mast cells express toll like receptor (TLR) 4 ( 21 ). TLR4 can recognize LPS with the aid of LPS binding protein (LBP) and CD14. LBP is an acutephase protein, produced in the liver, which circulates in the bloodstream where it recognizes and forms a high-affinity complex with the lipid A moiety of LPS, as free molecules, fragments, or still bound to the outer membrane of intact bacteria. The role of LBP appears to be that of aiding LPS to dock at the LPS receptor complex by initially binding LPS and then forming a ternary complex with CD14, thus enabling LPS to be transferred to the LPS receptor complex composed of TLR4 and MD-2. Mast cells are reported to express various kinds of TLR including TLR4 that can be up regulated by incubation with IFN-ϒ. LPS can induce TNF-α release from mast cells ( 22 ).
Apart from the release of TNF-α when mast cells are stimulated by LPS, we hypothesized that mast cells may also release tryptase, the most abundant and important mediator in mast cells. The intestinal epithelial barrier will be damaged by the LPS-induced mast cell activation. In this study, we aimed at to characterize the LPS induced tryptase release from the human mast cell line HMC-1 cells; the subsequently induced intestinal epithelial barrier function. The results showed that LPS did induce HMC-1 cells to release tryptase in the exposure to LPS. Intestinal epithelial barrier function was markedly damaged. 
MATERIAL AND METHODS

CELL CULTURE
EPITHELIAL BARRIER FUNCTION STUDY
Two parameters, TER and the permeability to a macromolecular protein, horseradish peroxidase (HRP, MW = 44,000, type II, Sigma), were used in the present study to represent the T84 cell monolayers' barrier function. TER is a measure of the ability of T84 cells to restrict passive movement of ions and was monitored during the experimental period using a Millicell-ERS system (Millipore, Bedford, MA). To measure the T84 monolayers' permeability, 50 µg HRP was added to the 1 ml medium in the apical side of the monolayers. The monolayers were incubated for 2 h at 37°C. Media samples were obtained from the basal compartments and assayed for HRP concentration by kinetic enzymatic assay as previously described ( 23 ). Briefly, sample was added to phosphate buffer containing H 2 O 2 and o-dianisidine (Sigma). Enzyme activity was determined from the rate of increase in optical density at 460 nm. HRP transport was calculated as recovery of added HRP.
HMC-1 CELLS STIMULATION WITH LIPOPOLYSACCHARIDE (LPS)
A series concentration, from 0.625 µg/ml to 10 µg/ml, of LPS was designed. Each dose was added to each culture well of 10 6 HMC-1 cells in addition of LBP (10 ng/ml, R&D Systems, MN). One group consisted of 12 wells. The HMC-1 cells were cultured at 37°C for 24 hours after the addition and the supernatants were harvested. Based on the preliminary results (data not shown), a dosage of 1 µg/ml LPS (this dose of LPS doesn't influence the T84 monolayers' barrier function) was added to the culture, supernatant samples were taken at the time points of 0.5, 8, 24 and 48 hours after the addition of LPS. The cells were washed and re-suspended with fresh culture medium after sampling at each time point in order to detect the amount of tryptase release in each period. The supernatants were centrifuged for 10 minutes at 14,000 rpm at 4°C. The aliquots were stored at -70°C for further assay. A control group consisted of 12 wells that were cultured with medium only.
EVALUATION OF TRYPTASE
For tryptase activity assay, triplicate aliquots (10 µL) of the supernatants were added to 200 µL of buffer (50 mmol/L Tris/HCl, pH 7.6, 120 mmol/L NaCl, 20 µg/mL heparin) containing 0.5 mmol/L substrate (tosyl-Glycine-ProlineArginine-pNitroanilide, New England, USA) and incubated at room temperature for 17 hours (± inhibitors as indicated). Cleavage of the substrate was measured using a microtiter plate reader (absorbance 405 nm).
IMMUNOCYTOCHEMISTRY
The HMC-1 cells were fixed in 4% formaldehyde for 30 minutes. The cells were then washed with 0.05 M Tris buffer (TBS; pH 7.6), and were incubated for 2 hours with rat antihuman TLR4 antibody diluted 1:200 in 1% BSA/TBS as described. Cells were incubated 45 minutes with FITCconjugated rabbit anti-rat antibody (Vector Laboratories, Burlingame, CA) diluted 1:200 in 1% BSA/TBS as well as 5µg/ml propidium iodide. After they were washed, the cells were smeared on glass slides and covered in antifade medium (Vectashield; Vector Laboratories), and observed with a comfocol microscope (LSM 510).
FLOW CYTOMETRY
The HMC-1 cells were processed as described above. After staining, the positive stained cells were counted with a FACScan.
WESTERN BLOT
Total HMC-1 cell lysates were obtained by lysing the naïve HMC-1 cells with lyse buffer, and proteins were quantified spectrophotometrically using Bio-Rad DC Protein Assay kit (Bio-Rad) per manufacturer's instructions. Equivalent amounts (40 µg) of total cellular protein were fractionated by SDS-PAGE and blotted onto nitrocellulose membranes (Amersham Biosciences). Membranes were sequentially incubated with primary antibodies to TLR4 (rat anti-human, Biocompare, diluted 1/1000). HRP-conjugated rabbit anti-rat secondary antibody (Sigma-Aldrich) was diluted 1/5000. Detection of chemiluminescence was obtained by using SuperSignal West Pico Chemluminescent Substrate (Pierce, Rockford, IL).
RT-PCR
The TLR4 gene sequence was obtained from the PubMed (U88880 ). Primers were designed with the software Primer3. The pair of primers was: forward: AGA TGG GGC ATA TCA GAGC and Reverse: CCA GAA CCA AAC GAT GGA C. Total RNA was isolated from 1 × 10 6 cells using TRI reagent (Sigma-Aldrich). Contaminating DNA was removed using DNase 1 treatment. For RT-PCR, 1 µg of total RNA was reverse transcribed into cDNA with an oligo(dT)15 primer using first strand cDNA synthesis kit (Roche). The integrity of RNA extraction and cDNA synthesis was verified by PCR by measuring the amounts of GAPDH cDNA in each sample using GAPDH-specific primers to generate a 211-bp product. PCR mixtures contained 2.5 mM MgCl2, 1.25 U of Taq polymerase, 0.2 mM dNTPs (Promega), and 50 pmol of TLR4 gene-specific primers. Thermocycling conditions were 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. A final extension step of 72°C for 10 min was performed. Products were resolved on 1.5% Tris-borate-EDTA (TBE)-agarose gels containing 0.5 µg/ml ethidium bromide (Sigma-Aldrich), and images were captured using the GeneGenius Gel Documentation and Analysis System (Syngene).
ELECTRON MICROSCOPY
At the end of each experiment, the HMC-1 cells were collected for electron microscopy. The HMC-1 cells were fixed with 2% glutaraldehyde for 2 hours and postfixed with 1% osmium tetroxide for 1 hour. After dehydration with a series of graded ethanol, the cells were embedded in EPON. Ultrathin sections were prepared and stained with uranyl acetate and lead citrus and observed with an electron microscope (JEC 1200). The sections were coded to avoid bias of the observer. Thirty mast cells were randomly selected from each group. The granules of intact, PMD and AND in each selected HMC-1 cell were counted.
ASSESSMENT OF THE INTESTINAL EPITHELIAL BARRIER FUNCTION IN RESPONSE TO LPS INDUCED MAST CELL TRYPTASE RELEASE
A batch of HMC-1 cells was stimulated by the addition of LPS (1 µg/10 6 HMC-1 cells) for 24 hours at 37°C. The culture was centrifuged for 5 minutes at 500 rpm. The supernatants were collected using to stimulate the T84 monolayers. Confluent T84 monolayers were stimulated by adding 1.5 ml the supernatant to the basal compartment of the Transwells. The TER of the T84 monolayers was recorded at 0 hour and 24 hour after the addition of the supernatant. The influence of the supernatant on the T84 monolayer TER was calculated with the TER at 24-hour divided by the TER at 0-hour and expressed as the percentage of the baseline TER. The T84 monolayer's permeability was assessed with HRP flux from the 24th hour to the 26th hour after the addition of the supernatant. Control groups included a group of the Transwells that the T84 cells were treated with fresh medium; another group T84 cells treated with fresh medium plus 1 µg/ml LPS; the third control group was pretreated with 100 µMol/ml for 30 minutes, then added the supernatant to the basal side of the Transwells.
STATISTICS
Data were presented as mean ± SD. Differences of means between groups were analyzed with student t test or F test. P<0.05 was set as significant criteria.
RESULTS
TRYPTASE RELEASE FROM THE MAST CELLS IN RESPONSE TO LPS STIMULATION
The lowest dose (0.625 µg/ml) of LPS used in the experiments apparently induced tryptase release from the HMC-1 cells. The release of tryptase increased following the increase of LPS in the culture in a dose-dependant manner (Fig 1-A) . Tryptase inhibitor efficiently blocked the degradation of the substrate by tryptase (data not shown). We also detected a low level of tryptase in the culture of naïve HMC-1 cells. Based on the preliminary data (not shown), we used the dose of 1 µg/ml LPS in stimulating HMC-1 cells to observe the tryptase release from the HMC-1 cells at different time points. Tryptase levels increased significantly at the first 30 minutes; fell down at the 8-hour time point. The second enhancement of tryptase was observed at 24 hours after the addition of LPS to the culture. The tryptase levels fell down at 48-hour time point (Fig 1-B) .
THE LPS INDUCED MORPHOLOGICAL CHANGES IN THE HMC-1 CELLS
The morphology of the HMC-1 cells was observed with electron microscopy. The granules in the cytoplasm were categorized into three types, the intact, the piecemeal degranulation (PMD) and the anaphylactic degranulation (AND) according to criteria reported previously ( 24 ). A small percentage of degranulation was identified in the naïve controls in both types of PMD and AND. In the HMC-1 cells stimulated by LPS, more AND type degranulation was observed at the 30 minute time point group. Both PMD and AND types of degranulation were appeared at the 8-hour time point group. At the 24-and 48-hour group, the PMD type degranulation still kept a high level, although significantly less than that at 8-hour time point; the AND type degranulation was retuned to the basal levels at the 48-hour time point (Fig 2A-D) . 
THE HMC-1 CELLS EXPRESS TLR4 RECEPTORS
The TLR4 receptors were identified in the HMC-1 cells.
Immunocytochemistry results showed TLR4 receptor protein expression on the surface of the HMC-1 cells (Fig 3A) . Flow cytometry dmosntrated more than 50% HMC-1 cells were positively stained by anti-TLR4 antibodies (Fig 3B) . Western blot data specifically confirmed the TLR4 protein existence in the HMC-1 cells (Fig 3C) . RT-PCR showed TLR4 gene expression on the HMC-1 cells increased significantly in the exposure to LPS stimulation at 30 minute time point (Fig 3D, lane 1) , and kept higher levels at 24-and 48-hour ( Fig 3D, lane 2) time points. In the anti-TLR4 antibody treated HMC-1 cells, the results showed the cells didn't increase tryptase release levels. The ratio of degranulation was approximately the same as the controls.
THE HMC-1 CELLS RELEASED TRYPTASE COMPROMISED THE INTESTINAL EPITHELIAL BARRIER FUNCTION
The supernatant used in assessing the T84 cell barrier function was from those HMC-1 cells treated with 1 µg/ml LPS for 24 hours. The tryptase level in the supernatant was determined as 7.56 pg/ml. As shown in Fig 4, the TER decreased significantly in the T84 monolayers after incubated with the supernatant derived from the LPS treated HMC-1 cells whereas HRP flux showed a great elevation of the permeability to HRP in the T84 monolayers. Pretreated with tryptase inhibitor BABIM efficiently but partially blocked the influence of the supernatant on TER and HRP flux. Those control wells of T84 cells with 1 µg/ml LPS didn't show statistical difference from the naïve controls. Electron microscopy showed HRP endosomes in the T84 monolayers. A few small HRP endosomes could be seen in the naïve T84 cells. Most of them were located on the apical region (above the nucleus). After treatment with the supernatant, the HRP endosome number markedly increased in the T84 cells. The HRP endosomes were distributed in all regions of the cells including apical, middle and the basal regions. The size of the endosomes was also increased. Image analysis data showed HRP endosome area was significantly increased in the HMC-1 cells treated with the supernatant. We also identified HRP products in the paracellular spaces in some wells.
DISCUSSION
We have shown that human mast cell line, HMC-1 cells can release tryptase in response to LPS stimulation. The intestinal epithelial barrier function can be compromised in the exposure to the milieu of co-culture with mast cells that have been activated in the presence of LPS. The present data show two secreting peaks of tryptase secretion that occurred at 0.5-and 8-hour time points respectively during the 48-hour observation period. The mediators in mast cells are categorized into two groups, the preformed mediators such as histamine, tryptase, etc. and the newly generated mediators, such as prostaglandins, a series of cytokines and so on ( 37 ). The present data showed that the so called preformed mediator tryptase also could be released sometime after the acute secretion phase. We detected the second secretion peak of tryptase 24 hours after the stimulation of LPS. The tryptase released at the second peak is for sure not the remains of the first secretion since we took all the media out of the culture, the cells were washed with saline and we didn't detected high levels of tryptase at the 8-hour time point. The possible explanation on this point is that the release of tryptase from mast cells acts as a feedback signal to initiate the synthesis of tryptase in mast cells. It is only in recent years the types of mast cell degranulation have attracted attention from the scientists in this area. PMD is defined as a type of releasing mediators chronically, whereas AND is referred to the phenomenon that mediators release acutely such as in the pathogenesis of anaphylactic shock. In the present study, we observed both AND and PMD types of degranulation in the HMC-1 cells after the exposure to the stimulation of LPS. More AND type degranulation in the HMC-1 cell degranulation in acute allergic reactions. The event that tryptase levels increased significantly in the culture at the 0.5-hour time point demonstrates that a relatively large amount of tryptase (and others) can be released at the acute phase of mast cell degranulation. Morphological study showed more AND type degranulation in the HMC-1 cells that confirmed the point. It is noteworthy that more PMD HMC-1 cells were observed at 48-hour time point in this study, which suggests that the slowly mediator release in the HMC-1 cells lasts for a relatively long time after the exposure to LPS.
Here we report that the human mast cell line, HMC-1 cells constitutively express TLR4 mRNA and proteins. The receptors are involved in the stimulation of human mast cells by the agonist LPS. These results are in agreement with those previously obtained on mouse bone marrow-derived mast cell from TLR4-deficient mice ( 40 ). It appears that LBP is necessary in the reactions between LPS and TLR4 since LPS didn't show any effects on the tryptase release from the HMC-1 cells without the presence of LBP in this study.
CONCLUSIONS
In conclusion, we have reported that the human mast cell line, the HMC-1 cells express TLR4 receptors. LPS activates the HMC-1 cells to release tryptase that has two secretive peaks at 0.5 and 24 hours respectively after the exposure to LPS stimulation. Using the supernatant from the culture of the HMC-1 cells that have been activated by exposing to LPS, we observed the co-cultured human colonic epithelial cell line T84 cells' barrier function was significantly compromised. 
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